establish an extended network beneath the apical membrane to which membrane proteins and regulatory components are anchored.
In the kidneys, the bulk of filtered solutes is reabsorbed along the proximal tubules. Many membrane transporters, that are located at the apical pole (brush borders) of proximal tubular cells, have been identified. Changes in net rates of reabsorption are achieved by alterations of the activities or the net abundance of certain transporters. The latter mechanism has been described in detail for the Na ϩ -dependent cotransporter of phosphate (P i ), the Na/P i cotransporter NaPi-IIa [1] [2] [3] , which is tightly regulated depending on the body needs to maintain the extracellular concentration of P i constant [3] . Experimental evidence was obtained that in most cases of increased urinary excretion of P i , such as under elevated levels of parathyroid hormone (PTH), the number of NaPi-IIa cotransporters within the microvillar membrane is decreased due to an increased rate of endocytosis of NaPi-IIa at the intermicrovillar clefts [4] . To explain regulated endocytosis of NaPi-IIa, it is assumed that yet unknown signaling mechanisms destabilize the apical positioning of the NaPi-IIa cotransporter and thus make it more available for endocytosis.
To describe such mechanisms, we recently performed a yeast two-hybrid screen and found seven different PDZ proteins that interact with the C-terminus of the NaPiIIa protein [5] . Two of them, PDZK1 and the regulatory factor 1 of the Na ϩ /H ϩ exchanger 3 (NHERF-1), have been shown to co-localize with the NaPi-IIa cotransporter in the brush borders of proximal tubular cells [5, 6] and have been assigned general scaffolding roles [7, 8] . Furthermore, studies on opossum kidney cells demonstrated that the C-terminus of NaPi-IIa is important for its proper apical sorting [9] and that the apical positioning of NaPi-IIa can be disturbed by overexpressing the corresponding PDZ-binding domains of abovementioned PDZ proteins [10] . Besides, as recently reported, apical abundance of NaPi-IIa is decreased in a NHERF-1 but not in a PDZK1 knockout mouse model [11, 12] .
PDZK1 encompasses four PDZ domains in tandem [5, 13] . In vitro studies established that interaction of PDZK1 with NaPi-IIa is via the third PDZ domain and that the last three C-terminal amino acids TRL of NaPiIIa participate in this interaction [5] . To identify other proteins that interact with PDZK1, we have performed additional yeast two-hybrid screens using single PDZ domains of PDZK1 as baits. In addition, yeast trap assays were performed with selected brush border proteins, such as the Na ϩ /H ϩ exchanger NHE-3 and the solute carrier NaPi-I. The latter might be a multifunctional anion channel with conductive properties for P i , chloride, and different organic anions, such as uric acid and probenecid [14] [15] [16] .
Based on several in vitro binding studies, our data demonstrated that PDZK1 and NHERF-1 interact, besides NaPi-IIa, with many other membrane transporters in the brush border of proximal tubular cells. Furthermore, evidence was obtained that PDZK1, like NHERF-1, acts as an anchor for regulatory components.
METHODS

Yeast two-hybrid screens
Site-directed mutagenesis (Stratagene, Amsterdam, The Netherlands) was applied to remove an internal EcoRI restriction site (aa 80) of PDZK1 (accession no. AF220100). From the resulting template, an EcoRI/ BamHI fragment (aa 110) coding for the N-terminal PDZ domain of PDZK1 was amplified and fused with reverted polarity to the DNA-binding domain of LexA in pFBL23 [17] . The other PDZ modules of PDZK1 (PDZ 2, aa 113-234; PDZ 3, aa 221-343; PDZ 4, aa 356-519) were inserted in EcoRI/SalI sites of pBTM116 [18] as C-terminal fusions to the DNA-binding domain of LexA.
Single PDZ domains derived from PDZK1 were used as baits and screened against an adult mouse kidney cDNA library (MATCHMAKER, Clontech, Palo Alto, CA, USA) according to previously described methods [5] . In each case, an efficiency of 300,000 to 800,000 independent clones was obtained.
Yeast two-hybrid trap assay
Selected yeast baits were obtained by reverse transcription of polyA ϩ RNA isolated from mouse kidney (SMART RACE, Clontech) and by consecutive standard polymerase chain reaction (PCR) amplification. The C-termini of mouse NHE-3 (aa 382-831) and NaPi-I (aa 443-465; accession no. CAA54459) were cloned into pBTM116 between EcoRI and SalI sites. The generation of preys in pACT2 harboring single or multiple PDZ domains of PDZK1 or NHERF-1 was already described [5] .
Liquid ␤-galactosidase (␤-gal) assays were performed to score interaction in yeast [5] . The ␤-gal activities of a subunit from the HIV reverse transcriptase (1RTp51) as a control bait with all PDZ modules as preys were negligible and thus omitted in the figures.
Glutathione-S-transferase (GST)/Ras fusion constructs
PCR products derived from full-length mouse PDZK1 (void of EcoRI) and NHERF-1 (accession no. U74079), both containing BamHI/EcoRI flanking sites, a 5Ј-linker region with three glycines (GGA), no start methionine, and an enlarged 3Ј-termination site (TAA TGA), were inserted in pGEX-TK-Ras [19] .
Host (XL1-Blue, Stratagene) used for recombinant protein expressions was cultured in LB/Amp supplemented with 2% d-glucose to maintain low basal expressions [20] . A 50 mL culture incubated 12 hours at 37ЊC was diluted 1:10 in 500 mL LB/Amp and grown to 0.8 A 600 at 37ЊC before protein expression was induced for 5 hours at 28ЊC in the presence of a final concentration of 0.2 mmol/L isopropyl-1-thio-␤-D-galactoside (IPTG) (Axon Lab, Baden, Switzerland). Cells were harvested at 5000ϫ g for 10 minutes at 4ЊC, resuspended in 4 mL of lysis buffer [50 mmol/L Tris-HCl, pH 8.0, 120 mmol/L NaCl, 0.5% Igepal CA-630, 5 mmol/L dithiothreitol (DTT), 1 mmol/L ethylenediaminetetraacetic acid (EDTA), 1 mmol/L phenylmethylsulfonyl fluoride (PMSF), 1 g/mL leupeptin, 2 mg/mL lysozyme, and 1% Sigma proteaseinhibitor cocktail P-8340], immersed on ice for 15 minutes and subjected three times to pulsed sonication for 30 seconds. Aliquots (1 mL) were cleared at 12,000 rpm in a tabletop microcentrifuge for 15 minutes (4ЊC) and snap frozen at -80ЊC.
For purification, an aliquot was thawed at 37ЊC and spun for 3 minutes as above to remove insoluble debris. GST fusion protein in 700 L lysate (approximately 250 g) was batch-bound to 1.2 mL (20% slurry) preequilibrated glutathione-agarose beads (Sigma Chemical Co., Buchs, Switzerland) in binding buffer (50 mmol/L TrisHCl, pH 8.0, 120 mmol/L NaCl, 0.5% Igepal CA-630, 5 mmol/L DTT, and 1% Sigma protease-inhibitor cocktail P-8340) by rocking for 1 hour at 4ЊC. Afterwards, beads were collected by brief centrifugation at 12,000 rpm for 10 seconds (4ЊC), gently washed four times with 1 mL binding buffer, and incubated for 15 minutes at 4ЊC in 400 L elution buffer (50 mmol/L Tris-HCl, pH 8.0, 50 mmol/L KCl, 5 mmol/L DTT, and 20 mmol/L reduced glutathione). Eluate was applied on a MICROCON centrifugal filter device (Millipore, Volketswil, Switzerland) providing membrane cutoff either of 10 (YM-10) or 30 (YM-30) kD for GST/Ras alone or GST/Ras fusions, respectively. Buffer was exchanged twice by adding 400 L sample buffer (50 mmol/L Tris-HCl, pH 7.6, 50 mmol/L KCl, and 5 mmol/L DTT) as described in manufacturer's guideline. Five-times concentrate was taken up in equal volume (ϳ80 L) of sample buffer containing 20% glycerol, subjected to Bradford's protein determination (BioRad, Reinach, Switzerland) and stored as single-use aliquots at -80ЊC.
Purification of GST alone, GST-PDZK1, GST-CT/ NaPi-I or GST-NHERF-1 and proteolytic cleavage cDNA fragments coding for mouse PDZK1 and NHERF-1 were inserted into pGEX-6P-2 (Pharmacia, Erlangen, Germany) as described [5] . The C-terminus (aa 446-465) of mouse NaPi-I with two additional Gly (GGA) at the 5Ј-end was flanked with EcoRI/XhoI restriction sites and ligated in pGEX-6P-2. GST alone and fusion proteins were expressed as outlined above.
Lysates from 1 L of cultures derived from GST alone and GST-PDZK1 were filtered (0.45 m) and applied on a pre-equilibrated 5 mL packed GSTrap FF HiTrap affinity column (Pharmacia). The purification was operated on a liquid chromatography system (Pharmacia) at a flow-rate of 1 mL/min for sample application and of 4.5 mL/min for washing (140 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L Na 2 HPO 4 , and 1.8 mmol/L KH 2 PO 4 , pH 7.3) and for elution [50 mmol/L Tris-HCl, pH 8.0, 120 mmol/L NaCl, and 20 mmol/L reduced growth-stimulating hormone (GSH)]. Elution was initiated when the flow-through reached an A 280 below 0.02. Fractions were reduced to a volume of 500 L (VIVASpin, Millipore) (cutoff 10 or 30 kD) and reconstituted in sample buffer (50 mmol/L sodium phosphate buffer, pH 7.0, and 150 mmol/L NaCl) using columns packed either with 5 mL HiTrap Desalting (Pharmacia) for GST alone or 150 mL size exclusion Fractogel EMD BioSEC (S) (Merck, Glattbrugg, Switzerland) for GST-PDZK1. Effluents (2 mL/min) were monitored at 220 nm, fractions concentrated on VIVASpin as above and protein contents measured at 280 nm with
Lysates containing GST-CT/NaPi-I and GST-NHERF-1 (700 L) were batch-bound to glutathione-coupled agarose beads and washed as described for GST/Ras fusions. If necessary, immobilized proteins were digested with 3 L of PreScission protease (Amersham Pharmacia) in 100 L of reaction volume for 4 hours at 4ЊC. Supernatants were concentrated (Ͻ30 L) under vacuum and dialyzed for 2 hours at 4ЊC against N-2-hydroxyethylpiperazine-NЈ-2ethanesulfonic aced (HEPES) (pH 7.4) using Slide-A-Lyzer Mini Dialysis units (3500 MWCO, Pierce, Lausanne, Switzerland). The vector pAT188 [21] is based on pQE-30 (QIA-GEN, Basel, Switzerland) and places a 6 ϫ His-tagged maltose-binding protein (MBP, 44 kD) and a bracketed EK cleavage site at the N-terminus of the expressed protein. The cytosolic C-terminal tails of following mouse membrane proteins with a N-terminal glycine spacer (GGA GGC GGA) and a C-terminal termination site (TAA TGA) were cloned into the KpnI/HindIII site of pAT188: type IIa Na/P i cotransporter (CT/NaPi-IIa, aa 557-637 and CT-3/NaPi-IIa, 557-634; accession no. AAC52361), membrane-associated protein of 17 kD (MAP17, aa 2-114; accession no. AAH13542), organic cation transporter 1 (OCTN1, aa 511-553; accession no. BAA36626), renal-specific urate-anion exchanger 1 (URAT1, aa 511-553; accession no. BAA23875), chloride-formate exchanger (CFEX, aa 560-735; accession no. AAK51131), and kidney-specific organic anion transporting polypeptide 5 (Oatp-5, aa 620-670; accession no. AAG60350).
The vector pAT177 provides an N-terminal 6 ϫ Histagged small soluble capsid protein D (SP D , 15 kD) of bacteriophage (pAT37 [21] ) and an intermediate EK cleavage site. Full-length ORFs with removed ATG initiation codons following mouse cytosolic proteins were subcloned into pAT177 as described above: PDZK1 (NaPi-Cap1; accession no. AAF73863), Na ϩ /H ϩ exchanger regulatory factor 1 (NHERF-1; accession no. AAB17569), dual-specific A-kinase anchoring protein 2 (D-AKAP2; accession no. NP_064305), ubiquitin-conjugating enzyme 9 (Ubc9; accession no. NP_035795), and KIAA0793 gene product (KIAA0793, aa 905-1054; accession no. NP_055623). The cDNA fragments of mouse NaPi-Cap2 (accession no. AF334612) and Ste20-related kinase (SLK; accession no. AAD28717) were inserted in KpnI/SalI sites.
Expression in XL1-Blue and purification under native or denaturing conditions on Ni-NTA microspin columns (Qiagen) was performed according to the manufacturer's recommendations. Culture medium (LB/Amp) was supplemented with 2% d-glucose to reduce basal expression and induction of proteins was done at 30ЊC in a total culture size of 50 mL.
Blot overlays with
32
P-labeled GST/Ras constructs
Recombinant proteins corresponding to 250 ng of the nondegraded form were separated on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After blotting to polyvinylidene difluoride (PVDF), the membrane was completely dried to enhance protein binding to the blot. Protein transfer was assessed with SYPRO Ruby (Molecular Probes, Eugene, OR, USA) and visualized with a charged-coupling device (CCD) sensor-based DIANA III transilluminator camera system. Blocking of membrane was done at room temperature for 2 hours in phosphate-buffered saline (PBS) (137 mmol/L NaCl, 2.7 mmol/L KCl, 4.3 mmol/L Na 2 HPO 4 , and 1.4 mmol/L KH 2 PO 4 , pH 7.3) containing 10% TOP-BLOCK (Juro Supply GmbH, Luzern, Switzerland). Radiolabeling of the GST/Ras fusion proteins was carried out as described [19] 
His fusion pull-downs of GST-PDZK1
Approximately 15 g of native His-tagged fusions were immobilized for 1 hour at 4ЊC on 35 L of Ni-NTA magnetic agarose beads (Qiagen) in 500 L binding buffer (BB) (50 mmol/L NaH 2 PO 4 , 5 mmol/L Tris-HCl, pH 8.0, 300 mmol/L NaCl, 5 mmol/L imidazole, 0.005% Tween-20, and 0.2% Sigma protease-inhibitor cocktail P-8340), washed with 500 L interaction buffer (IB) (50 mmol/L NaH 2 PO 4 , 5 mmol/L Tris-HCl, pH 7.5, 300 mmol/L NaCl, 20 mmol/L imidazole, 0.005% Tween-20, 1 g/L BSA, and 0.2% Sigma protease-inhibitor cocktail P-8340) and incubated with 50 g GST-PDZK1 [fast protein liquid chromatography (FPLC-pure)] in 600 L IB for 2 hours at 4ЊC on a end-over-end shaker. After washing three times with 500 L IB void of BSA, proteins were released with 35 L elution buffer (50 mmol/L NaH 2 PO 4 , 5 mmol/L Tris-HCl, pH 8.0, 300 mmol/L NaCl, 250 mmol/L imidazole, and 0.005% Tween-20), separated on SDS-PAGE to have 250 ng of each His-tagged full-length band and immunoblotted using an antibody against PDZK1 [5] .
His fusion pull-downs of radiolabeled GST/Ras-PDZK1 or GST/Ras-NHERF-1
The radiolabeled binding assay was performed as explained above for the pull-down of GST-PDZK1, except that all buffers were supplemented with 5 mmol/L MgCl 2 . GST/Ras alone, GST/Ras-PDZK1, or GST/Ras-NHERF-1 (0.2 g/L) was labeled with [␥-32 P]GTP as described in the blot overlay. Thereof, 5 L (1 g of GST fusion) were immediately applied to each immobilized His fusion. After elution, 10 L of each eluate were counted by liquid scintillation and counts per minute (cpm) values were normalized according to the relative amount of His-tagged full-length bands with the amount of 250 ng BSA (ImageQuaNT, Molecular Dynamics) in Coomassie blue-stained gels.
GST-CT/NaPi-I pull-downs of PDZK1 and NHERF-1
Glutathione-agarose beads (30 L of a 50% slurry) (Sigma Chemical Co.) were loaded with equal amounts of GST alone or the fusion to NaPi-I (2 g) from crude lysates and incubated with 50 g solubilized brush border membrane vesicles (BBMV) in 1 mL of total volume as described [5] . A total of 60% of retained proteins and 20 g of BBMV (positive control) were subjected to SDS-PAGE.
GST-PDZK1 pull-downs of NHERF-1
To reduce cross-reactivity of antibodies, 70 g of FPLC-pure GST alone or GST-PDZK1 were covalently attached to 9 mg CNBr-activated Sepharose 4B beads (30 L of slurry) according to the instructions of the manufacturer (Amersham Pharmacia). Coupling (1.5 hours) and blocking (2 hours) were in a reaction volume of 1 mL at room temperature. Pull-down experiments were done as described above for GST-CT/NaPi-I.
Western blot
Nitrocellulose membrane containing transferred proteins was washed with Tris-buffered saline (TBS) (25 mmol/L Tris, pH 7.4, and 150 mmol/L NaCl) and blocked in blocking buffer BB [TBS, pH 7.2, 1% (vol/vol) Triton X-100, and 5% (wt/vol) milk powder] for 2 hours. After overnight incubation with first antibody at 4ЊC, the membrane was processed for enhanced chemiluminescence immunodetection (Pierce) using a secondary antibody conjugated to horseradish peroxidase (HRP) (Amersham Pharmacia, Dü bendorf, Switzerland). For reprobing, the membrane was submerged in stripping buffer (62.5 mmol/L Tris-HCl, pH 6.7, 2% SDS, and 100 mmol/L ␤-mercaptoethanol) and incubated at 50ЊC for 30 minutes with occasional agitation.
Immunohistochemistry
Cryosections (4 to 5 m) of adult mouse kidneys were incubated for 10 minutes in immuno-blocking buffer (IBB) (PBS, 3% defatted milk powder, and 0.02% Triton X-100), rinsed in PBS and processed for immunofluorescence as reported [22] . If necessary, cryosections were pretreated with 1% SDS (in PBS) for 7 minutes (SLK, Ubc9) or microwaved for 10 minutes at 30% power in 10 mmol/L citrate (KIAA0793, PDZK1). The following [34, 57, 71] and anticipated after the crystal structure of Ubc9 was deciphered [56] d Recruitment of NHERF-1/2 to PDZK1 could also be mediated either by direct hetero-dimerization of their PDZ domains over an unusual head-to-tail arrangement [43, 55, 77] or by recognition of the PDZK1-terminal carboxylate (EDTEM) primary antibodies were used: rabbit polyclonal antimouse OCTN1 (1:30) [23] , monoclonal antirabbit NHE-3 (clone 2B9) (Chemicon International, Temecula, CA, USA; 1:100), rabbit polyclonal antimouse SLK (1:500) [24] , monoclonal antihuman Ubc9 (SUMO-1) (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:100), rabbit polyclonal antimouse PDZK1 (1:500; [5] ), guinea pig polyclonal antimouse KIAA0793 (1:1000), and rabbit polyclonal antirat NaPi-IIa (1:500) [25] .
After overnight incubation at 4ЊC in IBB, sections were stained with secondary antibodies coupled to fluorescein isothiocyanate (FITC) or CY3. Staining of ␤-actin filaments was achieved by rhodamine-phalloidin (Molecular Probes). After rinsing with PBS, the sections were finally plated on coverslips by using DAKO-Glycergel (Dakopatts, Glostrup, Denmark) containing 2.5% 1,4-diazabicyclo (2.2.2.)-octane (DABCO) (Sigma Chemical Co.).
RESULTS
Isolation of PDZK1 interacting proteins
To identify proteins interacting with PDZK1, smallscale yeast screens were performed against an adult mouse kidney cDNA library using single PDZ domains derived from PDZK1 as baits. The DNA-binding domain hybrid of the PDZ domain 1 (PDZ 1) resulted in autoactivation of reporter genes and therefore could not be screened. Initial positive clones, obtained from domains PDZ 2, 3, and 4 were further categorized based on their specificities compared to control baits containing either the DNA-binding domain alone or the subunit of the HIV reverse transcriptase (1RTp51) [26] . Finally, several integral and cytosolic proteins remained as interesting candidate PDZK1-associated proteins.
As listed in Table l , most clones, that interacted with PDZ domains 2, 3, and 4 were identical to partial sequences (C-termini) of membrane transport proteins, such as OCTN1 [23] , CFEX [27] , the kidney-specific Oatp-5 [28] , the renal-specific URAT1 [29, 30] and, as expected, NaPi-IIa [31] . The most prominent clone, that appeared with PDZ 4 as a bait (33 hits), was identical to MAP17, which has been identified earlier based on its up-regulation in malignant tumors [32] . Apart from the above-mentioned transporters, a number of nonmembranous proteins were identified as well. The ubiquitin-conjugating enzyme (Ubc9), a small protein that modifies cellular proteins with sentrin [33, 34] , was found to interact with PDZ 2. The Ste20-related serine/threonine protein kinase SLK, an effector of cytoskeletal remodeling [24, 35] , turned up with PDZ 3. Finally, the screen with PDZ 4 as a bait revealed NHERF-1 [7] , NHERF-2 [36] , and D-AKAP2, a dual-specific A-kinase anchoring protein [37] .
In addition, certain proteins of particular interest as baits were assayed in yeast two hybrids to trap single PDZ domains or the whole protein of PDZK1 as preys. Thereby, interaction with PDZK1 was attributed to the Na ϩ /H ϩ exchanger NHE-3 and the solute carrier NaPi-I (see also [5] ). Furthermore, affinity of PDZK1 was observed for KIAA0793 [38] , a multifunctional protein Fig. 1 . Immunolocalization of PDZK1-interacting proteins in mouse kidney. Mouse kidney cryosections, representing superficial S1 proximal tubular segments, were double-stained with an antibody directed against the indicated protein and an antibody directed against a brush border protein: organic cation transporter (OCTN1) and ␤-actin, Ste20-related serine/threonine protein kinase (SLK) and Na ϩ /H ϩ exchanger isoform 3 (NHE-3), ubiquitin-conjugating enzyme 9 (Ubc9) and PDZK1, KIAA0793 and type IIa Na/Pi cotransporter (NaPi-IIa).
composed of an ezrin/radixin/moesin (ERM) domain, of a guanine-nucleotide exchange factor domain for Rho/ Rac/Cdc42-like GTPases (RhoGEF) and of two pleckstrin homology (PH) domains. KIAA0793 was initially identified to interact with PDZ 2 of NaPi-Cap2 (unpublished), an isoform of PDZK1 [5] .
Immunolocalizations in mouse kidneys
Since PDZK1 is restricted to the luminal site of proximal tubular cells [5, 13] and a whole kidney cDNA library was used in the screens, identified proteins were assessed for proximal tubular localization by means of immunofluorescence. Locations of OCTN1, SLK, Ubc9, and KIAA0793 are illustrated in Figure 1 . The proteins OCTN1 and KIAA0793 were expressed only in proximal tubular cells, where they associated with the microvillar structures as indicated by the overlaps with ␤-actin and NaPiIIa. On the other hand, SLK and Ubc9 were only found in the cytosol, whereby the distribution of SLK was confined to the proximal tubular cells and Ubc9 was detected in all nephron segments. In addition, D-AKAP2-related immunostaining was only obtained in proximal tubular cells (see [39] ). Proximal tubular localization in the apical membrane has been reported previously for NaPi-IIa [25] , CFEX [27] , URAT1 [30] , NHE-3 [6, 40] , NaPi-I [41] , MAP17 [32] , NHERF-1 [6] , and recently also for NHERF-2 [12] .
In vitro conformation of yeast interactions
To investigate if the identified proteins can interact with PDZK1 in systems other than yeast, different in vitro binding studies were performed. First, His-tagged constructs consisting of full-length or C-terminal portions of identified proteins were expressed, purified, and processed for a blot overlay technique as described in experimental procedures. Full-length PDZK1 was fused to a GST/Ras conjugate [19] and overlaid as a radiolabeled probe. As depicted in Figure 2A , PDZK1 was bound to all C-terminal tails of integral membrane proteins, except to that of Oatp-5. Since nondegraded proteins were applied in equal amounts (Fig. 2D) , the interactions with PDZK1 appeared to be strongest for URAT1 and OCTN1 and weaker for NaPi-IIa, MAP17, and CFEX. Regarding the cytosolic proteins, only D-AKAP2 recovered PDZK1 in this type of experiment. The specificity of this blot-overlay assay was documented with [ 32 P]GTP-bound GST/Ras that did not cause any positive reaction (Fig. 2C) . In concert with our recently published data [5] , truncation of the C-terminus (-TRL) of the type IIa Na/P i cotransporter abrogated interaction with PDZK1. Furthermore, the expression constructs MBP and SP D used alone did not bind GST/Ras-PDZK1 ( Fig. 2A) .
Since NHERF-1, like PDZK1, is localized in the brush borders of proximal tubular cells and is composed of two tandem-arranged PDZ domains [6, 7, 42] , we anticipated that NHERF-1 may also interact with the proteins described above. To test this possibility, His fusions were overlaid with GST/Ras-NHERF-1 as well (Fig. 2B) . Interestingly, NHERF-1 interacted also with URAT1, OCTN1, CFEX, and D-AKAP2, but, in contrast to PDZK1, not with MAP17. In addition, a faint signal indicated a NHERF-1/NHERF-1 interaction suggesting a homotypic oligomerization of NHERF-1 [43] . In agreement with earlier observations, interaction of GST/Ras-NHERF-1 with NaPi-IIa was disrupted when the very last C-terminal residues (TRL) of NaPi-IIa were removed [5] .
In the above blot-overlay technique, it could not be excluded that interactions of the nonmembranous candidates for PDZK1 are studied with partially denatured proteins. Another more native assay was therefore performed to study in vitro interactions with PDZK1. To this end, purified candidate proteins were batch-bound via the His tag to Ni-NTA beads, incubated with purified GST-PDZK1, and released for immunoblotting (Fig. 3) . As shown before ( Fig. 2A) , PDZK1 was retained by D-AKAP2 and as well as by KIAA0793, NHERF-1, PDZK1, and SLK (Fig. 3) . However, PDZK1 failed again to recognize Ubc9. As controls, the fusion moiety SP D alone and the truncated C-terminus of the type IIa cotransporter were utilized to prove any interaction with GST-PDZK1.
From yeast two-hybrid experiments, evidence was obtained that the transporters NHE-3 and NaPi-I may interact via their C-termini with PDZK1 and NHERF-1 Table 1 were fused at their N-termini to the His-tagged maltosebinding protein (MBP) or to the His-tagged soluble protein D (SP D ). As controls, unfused His-tagged MBP and SP D were used. After purification, proteins were separated on a 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), blotted, and overlaid for 4 hours at 4ЊC with [ 32 P]GTP-labeled glutathione-S-transferase (GST)/ Ras-PDZK1 (A ), GST/Ras-NHERF-1 (B ), or GST/Ras alone (C ) (10 g/blot). For each construct, care was taken that approximately 250 ng of the undegraded protein was present (D ). Abbreviations are: BSA, bovine serum albumin; URAT1, urate-anion exchanger 1; OCTN1, organic cation transporter; NaPi-IIa, type IIa Na/Pi cotransporter; MAP17, membrane-associated protein of 17 kD; CFEX, chloride-formate exchanger; Ubc9, ubiquitin-conjugating enzyme 9; D-AKAP2, dual-specific A-kinase anchoring protein 2; NHERF-1, Na ϩ /H ϩ exchanger regulator factor 1; SLK, Ste20-related serine/threonine protein kinase. Fig. 3 . Native in vitro assay to verify binding of PDZK1 to nonmembranous candidate proteins. His-tagged hybrid fusions of nonmembranous candidates were purified under native conditions and immobilized (ϳ15 g each) on Ni-NTA magnetic agarose beads. The batch-bound fusions were incubated for 2 hours at 4ЊC with 50 g of purified glutathione-Stransferase (GST)-PDZK1. Afterwards, bound proteins were released with imidazole and subjected to a 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). On immunoblots performed with an anti-PDZK1 antibody, GST-PDZK1 was detected at 95 kD; the band at 80 kD represented His-tagged PDZK1. Abbreviations are: BSA, bovine serum albumin; SP D , soluble protein D; NaPiIIa, type IIa Na/Pi cotransporter; Ubc9, ubiquitin-conjugating enzyme 9; D-AKAP2, dual-specific A-kinase anchoring protein 2; NHERF-1, Na ϩ /H ϩ exchanger regulator factor 1; SLK, Ste20-related serine/threonine protein kinase.
(see Table 1 and [5] ). To substantiate this evidence, two different in vitro assays were applied (Fig. 4) . First, a GST pull-down from isolated renal brush border membranes (BBMV) revealed that the C-terminus of NaPi-I retained PDZK1 as well as NHERF-1 (Fig. 4A) . However, when the C-terminus of NHE-3 was used as a GSTfused bait, neither PDZK1 nor NHERF-1 could be pulled down (data not shown and [44] ). Second, yeast trap-deletion assays were performed to discern binding sites within the proteins comprising PDZ domains. The C-terminus of NHE-3 or NaPi-I as a bait was subjected to single or multiple PDZ modules of PDZK1 and NHERF-1 as preys and interactions were quantified from ␤-gal activities (Fig. 4B) . As delineated, the domains PDZ 3 of PDZK1 and PDZ 1 of NHERF-1 were sufficient for interaction with the C-terminus of NaPi-I. Binding of the C-terminus of NHE-3 to single PDZ domains of PDZK1 and NHERF-1 was probably via either PDZ 1 domains, but 200 to 400 times weaker compared to the binding of NaPi-I (Fig. 4B) or NaPi-IIa (see Fig. 4A of [5] ). From these results, it was concluded that interaction of the C-terminus of NHE-3 with both PDZ proteins is rather weak.
Heterotypic oligomerization of PDZK1 and NHERF-1
Results depicted in Figure 3 suggested that PDZK1 and NHERF-1 interact with each other. To further investigate this observation, recombinant NHERF-1 was purified and used for a blot overlay with GST/Ras-PDZK1 as a probe (Fig. 5A) . As verified by immunoblotting against NHERF-1, only two bands corresponding to full-length NHERF-1 were detected. No reactions were observed cleaved from glutathione-S-transferase (GST) fusions, was purified, loaded on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and processed for blot overlay with radiolabeled GST/Ras-PDZK1 as described in Fig. 2 . For immunodetection of NHERF-1, blots were stripped with ethylenediaminetetraacetic acid (EDTA) (to release the radiolabel from Ras) and SDS (to remove bound GST fusions). (B ) GST pulldowns. Pull-downs were performed as described in the legend of Fig. 4A , except that 70 g of each GST protein were covalently coupled to CNBr beads. Abbreviations are: WB, Western blot; BBMV, brush border membrane vesicles. ) alone and fusions to Na ϩ /H ϩ exchanger regulator factor 1 (NHERF-1) or PDZK1 (15 g) were applied to Ni-NTA magnetic agarose beads and probed for 2 hours at 4ЊC in all combinations with radiolabeled GST/Ras fusions (1 g) as indicated. After extensive washings, retained GST/Ras (ᮀ) and GST/ Ras fused to PDZK1 or NHERF-1 () were eluted with imidazole and analyzed by liquid scintillation.
with proteolytic fragments of NHERF-1, indicating that the C-terminus of NHERF-1 principally contributes to the PDZ-mediated interaction with PDZK1. This finding was reinforced by two-dimensionally separated mouse kidney homogenate. Overlaying the blot with radiolabeled GST/Ras-PDZK1 yielded a weak but specific spot that was identical to the immunoreactive spot at 50 kD of NHERF-1 (data not shown). Additional evidence for a PDZK1/NHERF-1 interaction was obtained by a pulldown experiment using renal BBMVs and GST-PDZK1 as the target. As indicated by the Western blot (Fig.  5B ), GST-PDZK1 was able to recover NHERF-1 when compared to GST alone.
Possible dimerization properties of NHERF-1 and PDZK1 were further examined with an isotopic liquid assay under native conditions, where each of the Hisfused proteins was immobilized on beads and tested with radiolabeled GST/Ras-fused proteins free in solution. The quantitation of these interactions was based on the difference of counts obtained between GST/Ras alone and the corresponding GST fusion protein in the presence of identical amounts of His fusions (Fig. 6A) . Heterotypic interaction was only observed when GST/Ras-NHERF-1 was applied to the liquid phase, but not in the reverse situation. The latter finding may be due to a possible steric hindrance.
Homotypic oligomerization of PDZK1 and NHERF-1
Dimerization of NHERF-1, but not of PDZK1, has been reported by in vitro and in vivo studies [43, [45] [46] [47] . In agreement with those studies, the overlay shown in Figure 2B pointed to such an assembly, albeit faint and rather inconclusive. More consistent results were obtained from the liquid isotopic pull-downs as depicted in Figure 6B , in which a homotypic interaction of NHERF-1 was corroborated. The apparent affinity for NHERF-1 dimerization was in the similar range as its heterotypic association with PDZK1 (compare Fig. 6 A with B). However, homotypic interaction of PDZK1 was not evident from this assay, although such an interaction was initially incited by a weak band from a preceding pull-down assay (Fig. 3) .
DISCUSSION
In many cellular structures, PDZ proteins have emerged as important components to organize and arrange membrane transporters and receptors, as well as to provide anchoring sites for components involved in regulatory cascades [48] . Recently, it has been reported that two PDZ proteins, PDZK1 and NHERF-1, are localized in the highly organized microvillar structure of proximal tubular cells [5, 6, 13] . Evidence was provided that a number of proximal tubular apical membrane proteins, such as the Na ϩ /H ϩ exchanger NHE-3 [49] , the Na/P i cotransporter type IIa [5] , the ABC transporter MRP2 (multidrug resistance-associated protein) [50] , and a small membrane protein MAP17 [13, 50] , interact with specific PDZ domains of PDZK1 or NHERF-1. Furthermore, as in the case of NHERF-1, it was demonstrated that interactions with PDZ proteins are important for specific regulatory aspects. For example, NHERF-1 acts also as an anchoring site via ezrin for PKA. This complex was shown to be necessary for the phosphorylation of NHE-3 [49] . On the other hand, NHERF-1 also interacts with the parathyroid hormone receptor (PTHR1) and thereby influences the signaling pathway [51] . Until now, no such roles have been accounted for PDZK1. We therefore searched for other proteins to interact with PDZK1 by exerting yeast two-hybrid screens with single PDZ domains of PDZK1 as targets.
In addition to NaPi-IIa and MAP17, which already emerged in earlier studies [5, 13, 50] , we identified several other membrane proteins of known physiologic functions that potentially interact with PDZ domains 2, 3, and 4 of PDZK1 (Table 1) . Among those, we encountered CFEX [27] , OCTN1 [23, 52] and URAT1 [30] . Unfortunately, PDZ domain 1 of PDZK1 could not be used as a bait in the current screens due to its auto-activation of the lacZ promoter. However, it has been shown that at least MRP2 can interact with this domain of PDZK1 [50] . Furthermore, applying a direct yeast trap assay evinced that the putative multifunctional anion channel for P i , chloride and organic anions (NaPi-I) [14] [15] [16] , and also NHE-3 interact with PDZK1. In addition to abovementioned membrane proteins, a number of cytosolic proteins appeared, such as the dual-specific PKA anchoring protein D-AKAP2 [37, 53] (see also accompanying paper [39] ), Ubc9 [33, 34] , SLK [24, 35] , KIAA0793 [38] , and NHERF-1 [7] . From these binding partners, the recognition consensus sequence for each screened PDZ domain of PDZK1 can be inferred (Table 1) . Thus, C-terminal targets for PDZ 2 of PDZK1 should reconcile with ITAF, those for PDZ 3 with the canonical sequence (T/A)T(R/K)L and those for PDZ 4 with a broader sequence specificity (S/F)(T/S)(R/K/N/P)(L/M/F) [54, 55] .
The findings from the yeast two-hybrid approaches were verified by a number of in vitro binding studies. Several assays were performed, in which both, denatured and native proteins, were used. These assays demonstrated that, except for Oatp-5 ( Fig. 2A) and Ubc9 (Fig.  3) , all identified proteins interacted with PDZK1. A possible explanation for the lack of an in vitro interaction of PDZK1 with Ubc9 may be due to its reported weak interaction pattern [56, 57] and that with Oatp-5 by the presence of a positively charged amino acid (K) instead of an uncharged amino acid (T or A) upstream of the typical class I consensus PDZ-binding motif TKL (Table  1 ) [55] . Interestingly, in vitro interaction of PDZK1 with soluble proteins (e.g., SLK, KIAA0793) was only observed under native conditions (Fig. 3) . Apart from PDZK1, a fusion construct of NHERF-1, that was overlaid on all identified PDZK1-associated proteins, was also able to interact with the transporters CFEX, URAT1, OCTN1, and with the soluble protein D-AKAP2 (Fig.  2B ). Based on their common C-terminal PDZ-binding determinants, those interacting proteins are assumed to be recognized by other PDZ-containing proteins resident in proximal tubular cells, such as MAST205, C2PA, and NaPi-Cap2, that were recently identified via the C-terminus of NaPi-IIa [5] . In contrast, no interaction of the single-spanning membrane protein MAP17 with NHERF-1 was achieved with all assays applied in this work (Fig. 2B) , but also not with other GST pull-downs (not shown) or yeast trap assays (S. Pribanic, unpublished data, 2002). By virtue of the unique proline residue at position 1 in the C-terminal class I PDZ-binding sequence of MAP17 (Table 1) [55] , it is tempting to speculate that MAP17 can bind only few PDZ proteins, among them is PDZK1.
The present yeast two-hybrid studies revealed the formation of a heterodimeric complex with NHERF-1 and PDZK1. This observation was confirmed by in vitro studies, such as overlays and pull-downs (Figs. 5 and 6A ). On the other hand, and in agreement with others [43, 47] , our data indicated homotypic complexes of NHERF-1 (Fig. 6B) . However, homodimeric complex formation of PDZK1 could not be unambiguously established in our studies.
PDZK1 and NHERF-1 are envisaged to subserve major scaffolding aspects in the microvilli of proximal tubular cells. Such a putative interaction pattern of the various proteins described with PDZK1 and NHERF-1 is schematically illustrated in Figure 7 . This proposed scaffold is expanded with other relevant targets that emerged from the literature. For all itemized proteins, localization in the microvilli of proximal tubular cells has been shown (Fig. 1) . Strikingly, in vitro interaction of most membrane transporters was ascertained with both PDZ proteins, PDZK1 and NHERF-1. In contrast, hormone receptors, such as for PTH (PTH1R) [51] , for catechole amines (␤2-AR) [58] [59] [60] and for purines (P2Y1) [58] , have been only reported as NHERF-1 or NHERF-2 interacting proteins. Indeed, no evidence for an interaction of these receptors with PDZK1 was attained in our studies. On the other hand, MAP17, as a tumor-associated protein [13, 32, 50] , seems to be exclusively scaffolded by PDZK1.
PDZK1 and NHERF-1 might cluster proteins that are functionally dependent in a mutual fashion. In this respect, our data bring out a putative PDZK1/NHERF-1 framework that recruits NHE-3 and CFEX to close proximity. NHE-3 and CFEX are two most essential proximal transport proteins that are involved in renal handling of bicarbonate and NaCl homeostasis. NHE-3 transports protons in exchange for Na ϩ into the lumen of the tubule where they react with HCO Ϫ 3 to CO 2 or drive the transcellular influx of Cl Ϫ via a H ϩ /formate cotransporter in parallel with the Cl Ϫ /formate exchanger CFEX [27, 61, 62] .
In addition to the above-mentioned function in sequestrating membrane transporters, PDZK1 and NHERF-1 might also modulate the trafficking and the activity of the identified associated membrane proteins [63] . For example, it is already known that G protein-coupled receptor kinase-5-mediated phosphorylation within the PDZ domain recognition C-terminal motif of ␤2-AR abolishes the interaction between ␤2-AR and NHERF-1, resulting in increased targeting of ␤2-AR to the lysosomes [60] . Or, either adaptor protein PDZK1 and NHERF-1 potentiate chloride channel activity of the cystic fibrosis transmembrane conductance regulator (CFTR), possibly by promoting multimerization of the channel proteins [64, 65] and by retaining the protein in Fig. 7 . Putative interacting pattern in the brush border of proximal tubular cells. Heteroand homotypic oligomerization of multidomain PDZ proteins [e.g., PDZK1 and Na ϩ /H ϩ exchanger regulator factor 1 (NHERF-1)] is proposed to form an intricate network beneath the plasma membrane that supplies docking stations for membrane proteins as well as signaling molecules [e.g., dual-specific A-kinase anchoring protein 2 (D-AKAP2)}. In addition, this scaffold tethers signaling receptors [e.g., parathyroid hormone receptor (PTH1R), adrenergic receptor (␤2-AR)] and their downstream signaling molecules (e.g., D-AKAP2, PLC, ezrin) to close proximity of the substrates. Such a physically and functionally spatial signaling unit contributes to the efficiency and specificity of transduction and minimizes crosstalk between different signaling cascades. Abbreviations are: CFEX, chloride-formate exchanger; MAP17, membrane-associated protein; MRP2, multidrug resistance-associated protein; OCTN1, organic cation transporter; PKA, protein kinase A; P2Y1, purinergic receptor; URAT1, renal-specific urate anion exchanger; solute carrier NaPi-I, a multifunctional anion channel for phosphate, chloride and different organic anions; NaPi-Iia, type II sodium-dependent phosphate cotransporter; NHE-3, sodium-proton exchanger.
the membrane [66] . Moreover, overexpressing the binding domain PDZ 3 of PDZK1 (or PDZ 1 of NHERF-1) in opossum kidney (OK) cells or disrupting the NHERF-1 gene in mice disturbs the apical expression of NaPi-IIa [10, 11] . In contrast, deleting PDZK1 in mice had no consequence for the proximal localization of MAP17 and NaPi-IIa [12] . Hence, the discrepancy between these two PDZ knockout models could reflect a functional compensatory mechanism by other PDZ proteins (e.g., NHERF-1 or NHERF-2). Consequently, similar functional implications of the PDZ proteins can be attributed to other interacting proteins, such as to NaPi-I, URAT1, and CFEX.
Apart from the indicated function in sorting and controlling membrane transporters and receptors (Fig. 7) , PDZK1 and NHERF-1 might compartmentalize PKA. As documented earlier, NHERF-1 sequesters PKA via binding the ancillary AKAP protein ezrin [67] [68] [69] . But an identical role may be apparent for PDZK1, as in all assays performed in this work, a rather strong interaction of PDZK1 (and NHERF-1) with the dual PKA-binding protein D-AKAP2 was perceived (Figs. 2 and 3 and follow-up paper [39] ) [37, 53] . Therefore, we propose that PDZK1, in addition to NHERF-1, acts as an indirect docking site for PKA in the microvilli of proximal tubular cells.
Alteration of the abundance of type IIa Na/P i cotransporters in the brush borders represents an important determinant to maintain homeostasis of phosphate. There is good evidence that this occurs via PTH-mediated endocytosis of NaPi-IIa at the intermicrovillar clefts [3, 4] . Similarly, the activity of NHE-3 is also regulated by PTH-induced internalization, although the fate of NHE-3 retrieval is different to that of NaPi-IIa [70] . Based on our results, NaPi-IIa and NHE-3 molcules interact with both PDZ proteins, PDZK1 and NHERF-1, along the entire microvillus, whereas regulated endocytosis occurs only at the base of the microvilli. This suggests a movement of NaPi-IIa and NHE-3 molecules along the microvillar axes, as well as a mechanism, by which the interactions with the PDZ proteins are of dynamic nature. At present, it is not known if either of these PDZK1-associated transporters may be regulated differently from the ones associated with NHERF-1.
Except for D-AKAP2 (see accompanying paper [39] ), other components were identified via screening PDZK1 that could be implicated in regulating the dynamics of the PDZ-mediated interactions. Ubc9 was shown to modify cellular proteins with sentrin for targeting them mostly to different cellular compartments [34] . Sentrin-conjugation of the insulin-sensitive glucose transporter GLUT4, for example, mobilizes the protein from storage compartment and promotes its targeting to the membrane, whereas sentrinized GLUT1, the basal glucose transporter, is directed to proteasome-or lysosome-mediated degradation [71] . By reforming the actin cytoskeleton, SLK could increase the lateral mobility of the transporters in the microvilli. KIAA0793 is apically localized and is assumed to have important function for controlling the apical cytoarchitecture [72] and the coordination of Rho-mediated endocytotic vesicular trafficking [73, 74] .
CONCLUSION
We propose homomeric clusters comprising NHERF-1 and heteromeric clusters comprising PDZK1 and NHERF-1, which assemble to form a complex PDZ network beneath the luminal membrane and to provide multiple docking stations for associating proteins, such as transport and signaling proteins. Thus, this ordered scaffold physically couples receptors and downstream signaling molecules to their targets (i.e., the membrane proteins), thereby increasing efficiency and fidelity of response.
